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ABSTRACT

Studying aerosols over ocean is one goal of the Multiangle Imaging Spectroradiometer (MISR) and other
spaceborne imaging systems. But top-of-atmosphere equivalent reflectance typically falls in the range of
0.03 to 0.12 at midvisible wavelengths and can be below 0.01 in the near-infrared, when an optically thin
aerosol layer is viewed over a dark ocean surface. Special attention must be given to radiometric calibration
if aerosol optical thickness, and any information about particle microphysical properties, are to be reliably
retrieved from such observations. MISR low-light-level vicarious calibration is performed in the vicinity of
remote islands hosting Aerosol Robotic Network (AERONET) sun- and sky-scanning radiometers, under
low aerosol loading, low wind speed, relatively cloud free conditions. MISR equivalent reflectance is
compared with values calculated from a radiative transfer model constrained by coincident, AERONET-
retrieved aerosol spectral optical thickness, size distribution, and single scattering albedo, along with in situ
wind measurements. Where the nadir view is not in sun glint, MISR equivalent reflectance is also compared
with Moderate Resolution Imaging Spectroradiometer (MODIS) reflectance. The authors push the limits
of the vicarious calibration method’s accuracy, aiming to assess absolute, camera-to-camera, and band-to-
band radiometry. Patterns repeated over many well-constrained cases lend confidence to the results, at a
few percent accuracy, as do additional vicarious calibration tests performed with multiplatform observations
taken during the Chesapeake Lighthouse and Aircraft Measurements for Satellites (CLAMS) campaign.
Conclusions are strongest in the red and green bands, but are too uncertain to accept for the near-infrared.
MISR nadir-view and MODIS low-light-level absolute reflectances differ by about 4% in the blue and green
bands, with MISR reporting higher values. In the red, MISR agrees with MODIS band 14 to better than 2%,
whereas MODIS band 1 is significantly lower. Compared to the AERONET-constrained model, the MISR
aft-viewing cameras report reflectances too high by several percent in the blue, green, and possibly the red.
Better agreement is found in the nadir- and the forward-viewing cameras, especially in the blue and green.
When implemented on a trial basis, calibration adjustments indicated by this work remove 40% of a 0.05
bias in retrieved midvisible aerosol optical depth over dark water scenes, produced by the early postlaunch
MISR algorithm. A band-to-band correction has already been made to the MISR products, and the re-
maining calibration adjustments, totaling no more than a few percent, are planned.
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1. Introduction

The importance of retrieving aerosol optical thick-
ness (AOT) and aerosol properties over dark water
first drew attention when it was recognized that mineral
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dust from source regions in the Sahara Desert is regu-
larly transported across the Atlantic Ocean and depos-
ited in the Caribbean (reviewed by Prospero et al.
1983). Subsequent measurements identified significant
transoceanic material redistribution of Asian dust and
pollution as well (e.g., Clarke et al. 2001; Gao et al.
2001). In addition to material transports, the global-
scale direct and indirect radiative impact of aerosols
cannot be assessed adequately without a good under-
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standing of the over-ocean contribution. It is estimated
that top-of-atmosphere (TOA) reflected solar radiation
flux varies with midvisible optical depth at a rate be-
tween 10 and 60 W m~? per AOT, depending on aero-
sol type and other environmental attributes (e.g., Pen-
ner et al. 1994). To resolve total aerosol direct radiative
forcing of a few watts per meters squared over ocean,
needed to assess aerosol climate impacts, AOT must be
retrieved to an accuracy of about 0.01 or 0.02.

The Multiangle Imaging Spectroradiometer (MISR)
is one of a new generation of instruments designed to
observe the earth’s environment globally (Diner et al.
1998a). The instrument was launched into polar orbit
on 18 December 1999, aboard the National Aeronau-
tics and Space Administration (NASA) Earth Observ-
ing System (EOS) Terra spacecraft. MISR makes near-
simultaneous measurements at nine view angles spread
out in the forward (f) and aft (a) directions along the
flight path, at £70.5° (cameras Df and Da), =60.0° (Cf
and Ca), =45.6° (Bf and Ba), +=26.1° (Af and Aa), and
nadir (An), in each of four spectral bands centered at
446, 558, 672, and 866 nm. MISR obtains global cover-
age, to =82° latitude, about once per week, with a spa-
tial sampling rate as fine as 275 m at all angles. The
instrument systematically covers a range of airmass fac-
tors from 1 to 3, and in midlatitudes, samples scattering
angles extending from about 60° to 160°. Such data can
provide greater sensitivity to AOT than single-view
measurements, especially over bright surfaces (Marton-
chik et al. 2004), over land in general (Abdou et al. 2005;
Kahn et al. 2005), and for situations where the AOT is
very low (Kahn et al. 1998). The data also contain con-
siderable information about particle size and shape,
particularly over dark surfaces (Kahn et al. 2001a;
Kalashnikova et al. 2005).

However, early postlaunch comparisons between
MISR-retrieved midvisible AOT and near-simul-
taneous, surface-based sun photometer observations
reveal a systematic offset: the MISR AOT values are
higher by about 0.05, in comparisons for dark water
sites globally (Kahn et al. 2005). MISR measurements
coordinated with airborne sun photometer observa-
tions during the Chesapeake Lighthouse and Aircraft
Measurements for Satellites (CLAMS) campaign in
summer 2001, under carefully monitored conditions,
produce similar results (Redemann et al. 2005). Particle
models and other assumptions in the aerosol retrieval
algorithm may contribute to the discrepancy, as well as
physical differences between the forward-scattering sun
photometer and back-scattering satellite observations,
and uncertainties in the sun photometer measurements
themselves. Evaluating and refining MISR’s radiomet-
ric calibration are necessary first steps toward under-
standing these differences and realizing the full poten-
tial of the MISR measurements for this application.

Global average midvisible column AOT is near 0.15,
and away from source regions and plumes, column
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AOT is typically 0.07 or less (e.g., Smirnov et al. 2002;
Husar et al. 1997). Over dark surfaces, such small aero-
sol loading produces TOA equivalent reflectances be-
low 0.07 at midvisible wavelengths. Simulation of an
aerosol mixture for which medium, spherical, nonab-
sorbing particles contribute 75% to the midvisible AOT
of 0.05, 15% from black carbon and 10% from cirrus,
over dark water, offers a representative case. The
equivalent reflectance is 0.05 in the MISR red (672 nm),
0.02 in near-infrared (866 nm) channels for the 70° for-
ward view, and 0.02 and 0.008 for the red and near-
infrared bands in the nadir view. To achieve sensitivity
to AOT changes of 0.02 for such cases, a radiometer
must reliably measure equivalent reflectance to 0.005
or better. (In this paper, we use decimal notation for
absolute reflectance and percent for relative reflectance
differences.)

Calibrating an orbiting sensor to this accuracy is at
the cutting edge of current capabilities and is beyond
what could be achieved for previous generations of sat-
ellite instruments. Early postlaunch MISR calibration
efforts concentrated on higher reflectance levels, using
a combination of preflight, onboard, and field vicarious
calibration data (Bruegge et al. 1996; Bruegge et al.
1998; Bruegge et al. 2002; Chrien et al. 2002). For low
light levels, the early work followed the traditional ap-
proach of extrapolating linearly to zero the calibration
obtained for 15%-30% equivalent reflectance. The re-
sulting low-light-level absolute calibration uncertainty
is reported as about 5% (Bruegge et al. 2002).

In this paper we undertake vicarious calibration
aimed at characterizing MISR low-light-level radiomet-
ric performance in the reflectance range critical for
aerosol retrieval over dark water. The challenge of this
effort is to reduce comparison-data uncertainties as
much as possible, and then to assess their magnitudes
fairly. Fifteen events between 2000 and 2002, when
MISR acquired data coincident with operating Aerosol
Robotic Network (AERONET) surface-based sun-
photometer stations, are at the heart of this study.
AERONET offers multiple instruments and multiple
events, extending over a variety of surface and atmo-
spheric conditions (Holben et al. 1998). The 15 events
chosen here cover a range of midvisible AOT from
below 0.03 to 0.3 and equivalent reflectance from about
0.02 to 0.08 in the MISR red channel. For a vicarious
calibration study, such diversity helps build confidence
in the patterns that emerge; to obtain quantitative con-
clusions, we can afford to select the best-constrained
cases, since MISR radiometric performance is very
stable (Bruegge et al. 2002). To further test the ob-
served patterns, we also study coincident MISR,
AirMISR, and field data taken on 2 days during the
CLAMS campaign.

We use AOT, aerosol size distribution, and particle
single scattering albedo (SSA) retrieved from AERO-
NET data to constrain simulations of TOA equivalent
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reflectance at all nine MISR view angles and four wave-
lengths and compare the calculated reflectances with
corresponding values from the MISR calibrated and
georectified radiance product (MISR L1B2, version
F03_0022, is used throughout this paper, available on-
line from the NASA Langley Atmospheric Sciences
Data Center at http://eosweb.larc.nasa.gov/). We exam-
ine band-to-band, camera-to-camera, and absolute ra-
diometric performance. In cases for which the nadir
view is not in sun glint, we also compare with coincident
reflectances acquired by the multispectral, nadir-
viewing Moderate Resolution Imaging Spectroradiom-
eter (MODIS) instrument, which flies on the Terra sat-
ellite with MISR. These comparisons allow us to estab-
lish the MISR reflectance scale to an absolute accuracy
of a few percent, in the equivalent reflectance range of
interest. A separate paper (Bruegge et al. 2004) sum-
marizes calibration constraints available from MISR
preflight, onboard, and lunar calibration analyses,
along with additional comparisons between coincident
MISR and MODIS scenes.

2. MISR and AERONET data

We identified AERONET stations on islands sur-
rounded by dark, Case 1 waters, isolated from continen-
tal runoff, and found instances for which there are co-
incident, high quality AERONET aerosol retrieval re-
sults and MISR radiance data. Since this is a calibration
exercise, we chose only the best-constrained events in
all relevant dimensions. We selected cases having low
midvisible column AOT (0.3 or less), low AOT vari-
ability based on AERONET time series, low regional
near-surface wind speed, and relatively cloud free con-
ditions near the AERONET site (Table 1). We used
back trajectories [Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) model, 2003] to find
cases likely to involve primarily clean maritime aero-
sols, so aerosol absorption and nonspherical particle
shapes are less likely to introduce uncertainties into the
modeling. We also collected surface pressure from local
sources, and satellite-derived ozone column amount, as
model inputs (Table 1).

a. MISR data processing

For each event, we selected two to four patches over
dark water within 28 km of the AERONET site, in
cloud-free areas to the north, south, east, and west, if
possible (Fig. 1). Each patch is an array of 3 X 3 MISR
1.1-km pixels. We apply stringent constraints to prevent
scene variability or sun glint from skewing the vicarious
calibration results. To assure patch uniformity, we re-
quire that the equivalent reflectance vary less than
0.5% from the mean pixel value of observed equivalent
reflectance; this criterion must be met by each angular
view that is not sun-glint contaminated, at all wave-
lengths. Sun-glint contamination is avoided by eliminat-
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ing any MISR view that either falls within 40° of the
sun’s reflection vector from the nominal surface or is
near this value and exhibits a patch radiance variance 3
or more times greater than cameras viewing farther
from the sun-glint direction.

Patch-average equivalent reflectance was calculated
from the MISR standard level 1B2 product, accord-
ing to

pyvisr(As ) = Lyisr(A, ) X WDz/Eo()\)- 1)

Here, A indexes the MISR spectral band and w refer-
ences the cosine of the MISR view angle, Lysr is the
radiance value, D is the Earth-Sun distance in astro-
nomical unites (AU) at the time of observation, and E,
is the band-weighted solar irradiance at TOA, for av-
erage Earth-Sun separation (D = 1). Ozone and out-
of-band corrections are applied (Kahn et al. 2001b).
Ozone amounts are given in Table 1, and the corrected
pvisr (A, ) patch values are used in subsequent analy-
sis. Figure 1, showing MISR true-color nadir or near-
nadir views of each event, illustrates the relationships
between patch locations and island AERONET sites.
All are within 28 km of the AERONET site, and about
30% are within 10 km. Having data from multiple
patches allows us to assess scene variability, which is
important because we must compare nearly instanta-
neous MISR data averaged over 3.3 km with point data
from nearby AERONET sites, sampled over 1-2-h pe-
riods.

Figure 2 illustrates MISR TOA equivalent reflec-
tances for seven patches covering two representative
events, as functions of MISR camera. Reflectance in-
creases away from the nadir in both angular directions,
as the line-of-sight path through the atmosphere in-
creases. Equivalent reflectances are generally below 0.1
except for the steepest views in the blue band and are
about 0.01 for the nadir view in the near-infrared band.

b. AERONET data processing

The AERONET is a federation of autonomous Ci-
mel sun- and sky-scanning photometers connected via
satellite to a data analysis facility at the NASA God-
dard Space Flight Center (Holben et al. 1998; http:/
aeronet.gsfc.nasa.gov). Standard processing automati-
cally generates AOT in bands centered at about 340,
380, 440, 500, 675, 870, and 1020 nm, along with column
water vapor, every 15 min under cloud-free, daylight
conditions, from direct solar observations. Table 1 sum-
marizes the AERONET AQOT for each event, interpo-
lated linearly to the centroid of the MISR green chan-
nel (558 nm) using the two AERONET channels near-
est in wavelength. The numbers reported are for the
measurements closest in time to the MISR overpass; all
are coincident to within 30 min, and most are within 5
min. AERONET AOT uncertainties given in Table 1
represent measurement standard deviations over the
averaging period.
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FI1G. 1. MISR true-color nadir (AN) or near-nadir (AF, AA) views for the cases used in this study. The AERONET site in each image
is indicated by a triangle, and the locations of the MISR analysis patches are marked with labeled green boxes. (a) Lanai on 10 Feb
2002; (b) Lanai on 17 Feb 2002; (c) Lanai on 9 Jun 2002; (d) Rottnest on 15 Jan 2002; (e) Midway on 2 Feb 2001; (f) Midway on 17
Dec 2001; (g) San Nicholas on 21 Apr 2002; (h) San Nicholas on 23 May 2002; (i) Dry Tortugas on 22 Apr 2002; (j) Bermuda on 19
Jun 2002; (k) Bermuda on 29 Aug 2002; (1) Bermuda on 19 Jun 2002; (m) Bermuda on 31 Aug 2002; and (n) Bermuda on 14 Sep

2002.

The AERONET sun photometers are also pro-
grammed to perform sky scans in the principal plane
and across the almucantar at 440, 670, 870, and 1020 nm
about once per hour, from which aerosol size distribu-
tion is derived (Dubovik and King 2000; Dubovik et al.
2002). This process is independent of the 15-min AOT
retrievals, which are obtained from direct transmission,
calibrated using the Langley method. A combination of
direct-sun and sky-scan data is used to retrieve spectral
indices of refraction. We selected the best-quality aero-
sol property retrievals close in time to the MISR over-
passes. Observation times are less closely matched than

for the AOT data—usually under 30 min, though for
several events, such as Bermuda on 19 June 2002, the
gap is 2-3 h, and for Dry Tortugas on 22 April 2002 and
Lanai on 9 June 2002, good-quality retrievals were ob-
tained only about 4 h ahead of MISR imaging (Table 1).
Retrieved size is reported as relative volume-weighted
amount at 22 values of particle radius, spread logarith-
mically between 0.05 and 15 wm. Size distributions are
also provided by AERONET standard processing as
parameter fits to lognormal functions, but we favor the
histogram data here, since they offer a consistent fit to
the observed radiation field.
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FIG. 2. Observed TOA reflectances for three Midway-event patches on 9 Feb 2001 and for four Lanai patches on 10 Feb 2002. The
horizontal axes show MISR cameras arranged by viewing sequence, from the 70° and 60° forward views (cameras Df and Cf,
respectively) through nadir (camera An), to the 60° and 70° aft-viewing cameras (Ca and Da). The four plots show the MISR (a) blue,
(b) green, (c) red, and (d) near-infrared spectral bands. Note that the vertical scale varies from plot to plot.

We work with level 1.5, or when available, level 2
AERONET products. For level 1.5, basic quality con-
trol has been performed, including cloud screening that
relies on AOT variability among three direct-sun ob-
servations taken 1 min apart, on each 15-min measure-
ment center (Smirnov et al. 2000). The level 2 products
have been further refined, using sun photometer cali-
bration data taken after the measurements of interest,
in addition to the precalibration data required for level
1.5. Direct-sun AOT retrievals are generally believed to
be accurate to about 0.01 or 0.02 for midvisible wave-
lengths. The highest-quality particle property retrievals
are obtained for solar zenith angles greater than 45°
and for AOT (at 440 nm) greater than about 0.4 (Dubo-
vik et al. 2000). Since low AOT values and small solar
zenith angles are of interest in the present study, we
selected specific sky-scan instances for which the algo-
rithm performed well and retrieved reasonable particle
size distributions, based on the experience of the
AERONET team (Fig. 3a).

We expect the retrieved index of refraction to be less
certain than the size distribution at low AOT. The sun
photometer does not directly observe the full angular
range; an assumption must be made to assess the miss-
ing parts of the scattering phase function, and particle

absorption, which depends on an integral over all scat-
tering angles, is sensitive to this assumption. In addi-
tion, the index-of-refraction retrieval relies on both sky
scans (for scattering information) and direct-sun AOT
retrievals (for extinction information), whereas size dis-
tribution is determined from sky scans alone. Small
AOQOT variations in the time between sky scans and
direct-sun observations can affect the resulting index
of refraction, and sky scans are cloud screened based
on radiance symmetry across the almucantar, which
may be more sensitive to very thin cloud than the
variability criterion used for AOT retrievals. If the
AOT is as little as 0.01 higher during the AOT
measurement than the sky-scan observation, the re-
trieved imaginary index of refraction will be errone-
ously high, which can artificially lower the derived par-
ticle SSA by ~10%. Instrument sun-channel absolute
calibration, nominally 0.01 in AOT units, may also be a
factor; at 0.05 AOT, the formal calibration error
is 20%, though AOT variability for measurements
covering several hours can be as low as 0.001 for
the events of interest (Table 1). Under the relatively
clean maritime aerosol air masses selected for this
study, we expect midvisible SSA to be at least 0.90
(e.g., Smirnov et al. 2003; Shettle and Fenn 1979). So,
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FiG. 3. (a) Volume-weighted particle size distributions retrieved by AERONET for 15 MISR-AERONET
coincident cases. Each plot is roughly bimodal, defined by points in 22 size bins that are connected with curves for
clarity. (b) Particle single scattering phase functions derived using a Mie code, for the 15 AERONET-retrieved
particle size distributions shown in Fig. 3a. For this figure, “theta” is the scattering angle in degrees.

in addition to considering the standard AERONET 3. Reflectance modeling and confidence levels
quality factors for each event, we eliminated those

events having retrieved indices of refraction that pro- Since we selected cases for which clean maritime
duced SSA below 0.90, and treated all SSA values be- aerosols are expected, we assume spherical particles
low 0.98 as uncertain to within +0.03. and simulate extinction cross sections, SSA, and single
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scattering phase functions in the four MISR bands with
a Mie scattering algorithm, using the AERONET-
derived size distributions and indices of refraction for
each event. MISR green-band single scattering phase
functions are shown in Fig. 3b, and SSA is given in
Table 1, for each case. The resulting spectral extinction
ratios agree with the corresponding AERONET direct-
sun retrievals to better than the 0.01 to 0.02 uncertainty
in the individual AOT measurements themselves.

We then calculate the TOA equivalent reflectance
for all 36 MISR channels with the MISR standard ra-
diative transfer code (MISR-RT; Martonchik et al.
1998). Given sun- and camera-viewing geometry, sur-
face pressure, aerosol optical properties and amount,
and near-surface wind speed, the model calculates
TOA reflectance p,oqe

pmodel(“! Mos d)? )\) = Patm + pdir[p()(glt+wcp)(wnd)a A()()\)]
+ pdifl:pO(gltercp)(WHd)’AO()\)]v 2

where p, is the cosine of the sun zenith angle, ¢ is the
azimuth angle between the sun and view directions, and
wnd is the wind speed; p,., is the atmospheric path
reflectance, characterizing light scattered by the atmo-
sphere that does not reach the surface, and pg;, and
pgir are the direct and diffuse transmittance of light
through the atmosphere, respectively. The second and
third terms on the right-hand side are the direct and
diffuse surface contributions, respectively. The term
Poelt+wep 18 the reflectance emanating from the ocean
surface due to Fresnel reflection plus wind-speed—
dependent glint and whitecaps, calculated using stan-
dard models (Martonchik et al. 1998; Kahn et al.
2001b).

The water-leaving reflectance, Ay(A), arises from
light scattered by silt, phytoplankton, and pollutants in
surface waters and is distinct from the Fresnel reflec-
tion plus wind-dependent glint and whitecap contribu-
tions. For dark water, containing little silt or biological
material, A, is small in the midvisible and diminishes
with increasing wavelength. We assume A, to be wave-
length dependent but independent of view angle (Lam-
bertian); for the conditions of interest, A, should vary
no more than 4%, due to non-Lambertian effects, ex-
cept possibly in the blue channel, and then only for very
low chlorophyll concentrations (Yang and Gordon
1997).

We adopt nominal A values of 0.03, 0.007, 0.002, and
0.0007 in the MISR blue, green, red, and near-infrared
bands, respectively, for ocean away from continents
(e.g., Morel and Maritorena 2001). Water-leaving re-
flectance is measured on a continuing basis by the Ma-
rine Optical Buoy (MOBY) near Lanai, Hawaii, a clean
ocean site (Clark et al. 1997). There is coincident data
for the 10 February 2002 MISR-AERONET event; for
this and other Lanai events we use the A, values mea-
sured on that day, 0.022, 0.004, 0.0005 for the blue,
green, and red bands, respectively. For the near-
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infrared band, A, was too small to measure, well below
the nominal value of 0.0007.

To complete the model inputs, we calculate view
angle geometry specific to each patch. We adopt locally
measured surface pressure in each case for calculating
atmospheric Rayleigh scattering (Table 1) and assume
the aerosols to be confined to the lowest 10 km of the
atmosphere, with a number concentration having a
2-km-scale height. Away from sources (including sea
salt, because these are low-wind cases), aerosols typi-
cally have vertical distributions as assumed, and since
clean maritime aerosols have high SSA, the TOA re-
flectance is not very sensitive to assumed aerosol ver-
tical distribution.

The model atmospheric path reflectance, direct sur-
face reflectance, and diffuse surface reflectance contri-
butions at TOA are shown in Fig. 4 for a low-AOT
event. The atmospheric contribution dominates in all
cases, and the Rayleigh optical depth exceeds the aero-
sol optical depth in the blue and green bands.

We expect TOA radiance sensitivity to model param-
eters to vary with view angle and wavelength. As shown
in Fig. 4, the surface fractional contribution is largest
for the nadir and near-nadir views, which are therefore
most sensitive to the surface model. Radiance is highest
in the oblique views, since the atmospheric path is
greatest, and for the shorter wavelengths, because of
larger Rayleigh, aerosol, and surface contributions.
These channels should be most sensitive to the atmo-
spheric model. Also, as AOT increases for these low-
light-level scenes, the signal-to-noise ratio increases,
and sensitivity to the surface model is reduced.

A detailed look at model sensitivity to key inputs is
presented next.

a. Aerosol optical thickness sensitivity

Since the MISR patches are over dark water up to 28
km away from the AERONET sites, assessing AOT
variability is more important for radiance comparisons
than obtaining exact temporal coincidence. In Table 1,
AOT variability is given as the standard deviation of all
available AERONET AOT measurements within =1 h
of the MISR overpass. In 12 cases, the standard devia-
tions are 0.006 or less. For the most variable events,
Bermuda on 14 September and 21 July, AOT changed
no more than 15% in available data during the 2-h
window. Except for these cases, AERONET AOT re-
mained within a few percent or less of its value at MISR
overpass time.

We evaluated the modeled reflectance uncertainty
due to AOT variations by simulating with the forward
radiative transfer model the TOA reflectance in all 36
MISR channels, for the event-specific AERONET
AOT variation and other parameters fixed at the nomi-
nal values reported in Table 1. Maximum simulated
reflectance variations for each MISR band, assessed
over all non-sun-glint-contaminated views, are given in
the first data block of Table 2. TOA reflectance varia-
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F1G. 4. Modeled atmospheric path reflectance, direct surface reflectance, and diffuse surface reflectance, as functions of MISR
camera, all evaluated at TOA, for the Midway event on 9 Feb 2001, patch tln. The Rayleigh and aerosol optical depths (7 and 7,) are
also given. The four plots show the MISR (a) blue, (b) green, (c) red, and (d) near-infrared spectral bands.

tions are greatest for the near-infrared channel and di-
minish systematically with decreasing wavelength due
to the moderating effect of Rayleigh scattering by at-
mospheric gas, a significant contributor at low AOT.
Typical Rayleigh optical depths are only about 0.015 in
the near-infrared, but reach 0.23 in the blue (Fig. 4).
The larger-AOT-variability events mentioned above
stand out as the only ones having maximum uncertainty
greater than 2% in the red band. Typically, the relative
errors in TOA reflectance due to AERONET-derived
AOT uncertainty are about 0.3%, 0.5%, 0.7%, and 1%
in the blue, green, red, and near-infrared bands, respec-
tively.

b. Aerosol single scattering albedo sensitivity

We treat SSA as uncertain in the MISR green band
to within *=0.03 of the nominal AERONET value
(Table 1), based on reported sensitivity estimates
(Dubovik et al. 2000), and scale the assumed perturba-
tions in the other bands proportionately. (Since these
are clean maritime particles, SSA itself varies little with
wavelength.) We calculate optical properties for the

perturbed particles with Mie scattering, then assess the
impact of these changes on TOA reflectance using the
forward radiative transfer model, as we did for AOT.
Maximum uncertainty obtained for each MISR band,
assessed over all non-sun-glint-contaminated views, is
given in the second data block of Table 2. SSA sensi-
tivity varies systematically with wavelength as does
AOT and is greatest for the near-infrared because of
the lack of compensating radiance from other sources.
It is also larger at shorter wavelengths for events having
larger AOT, such as Bermuda on 21 July. Maximum
TOA reflectance uncertainties based on these SSA per-
turbations are generally less than 1.5% in the blue and
green, 2.5% in the red, and 3.5% in the near-infrared.

¢. Wind speed sensitivity

Wind speeds given in Table 1 for each event were
measured near the AERONET stations, but must be
considered uncertain when applied to patches some dis-
tance away. We use a standard approach to modeling
the effect of wind speed on ocean surface whitecap re-
flectivity (Koepke 1984; Monahan and Muircheartaigh



1
104
L .

A

T

E

KAHN
5

200

1L

APR

is un;
e a
nc_ nt
eﬂec_taniﬁca only
del r § sig lude ble
mo me inC 1 (Ta e
cap beco we S is larg
hite ich dy, 5 m . 18 re-
w h tu 7. ivity |
. W IS s tf1v de d
ultlng30%a thlsl below flec e mo spee
S () .
The r()e% o So f%rs We-ltecap re in thWinctlle wind
. 2 ds. ee hi idenc to t
980) to eed Spe h w fider ity s on c-
- ioh Whavln abov over ce le, as hlgh unce |
hig n S e
— E n ents alue rade ﬂecta ang ty ha SSA hann
23 " Vi v g e iew i c e-
R - e e de r vi ain d v
22N o 1), th h to that and cert T an ared wa Iy
g ~ * ug te T un (0) nfr ng a
EEREE S8¢% eno No AO eed of A ear-i reasi pectr nm
ol\m"‘ [\%NN Its. on ind sp at en dec S8 00
o | % a 2 b B 2 - o Zlépenqtsself' of Wln}?an thfor thwith deled iout 9ic gase’
Z13 OOO(\iN Se% di ct et test 1y 0 toa her nc
z nEEE 25¢3 The effe ne e is m p S et r
LS FA5Y weee e icall mup to: o
; 3 N e = T e Iso am an ru a I So,
% < = =¥ o ag dep is a dr ct ct ace, OA hs. itecap
S S e Sz - Qo 1 it is S fle pe rf T t te
= N as — — ra it ishe retl S su e ng hi -
£ _ 0o i z\oc,_‘ t-t’ inis isible th le 1w 1 de
8 g 7. Oo,\vw \Op‘”o inty; nis cap isi alm to ve a a
< N} S a m € \% c a tr tr ies.
2 S = & — = 25 R 0 @ t d di WhltS the t the e less rter w neu spec ertie
Z oS SRR ©a ©= @0 NE an th. oS Bu ibut sho trally t on rop ance
g <§ mgzgﬁ m%Q*m k%muﬁ%ﬂcmﬂmmtwwmmimﬂimaDc
3 =) N — g3 w o) u 1 t a 1 r T 7 -
51 — S e e a int r e t 1
§ ma 2z nos < E o ?Koepliosol'nfrarecli] glll’ln’ largen to SiValeny, Onhe mag
g =238 S588 d ae -k su eve tio eq idwa ht ,
= S < 32 — . an nea t 1n n rba OA Mi ug ()3-. 1S
5 =4 @ mqmm Q® he no sa rtur T t, tho OH1W
3 Zle 5% ~ =] int ra ha pe in en d’ 1 to itiv ind
S Z NQN"W wgo,_‘m 1 me ion a ge dev are 0.0 nsi win
o N v oen Q@ o~ ca ibut han han ee infr iust 0. se he y
g — & I 2 - 0 a tri t c sp r-inf u the- the wa
< B ~ < N o) N 3% n ce he ind ea 18 ] ng id
< s NI e — =S co en t in n If nts, asi M the
~ < ua pks Q> — nd ically, tw the itse ven Te ry in
& RN oogglﬂm ~\oﬁﬁ pe -flCa. hes in e 1 de mc rua di nd
=% 5z =S 228 eci hig % tanc ee by Feb e blue a
9.5 == b O S — Sp .6 c sp 9 se lu d.
22 g o peRaRe o= the h 2 fle ind le, e ob b re
ol £ @ld grind 2egy for r, Is re win amp r th lue o the'fra t-
o8- =g Soﬂ O\OH”‘ ber, the er eX—lfolva % in r-in pa
O3 2 29 i AR o em of low or s - 4% ea lint d
VE =} \o_‘_‘ Ngmﬁ < C. de n d. F m S 0. he n -g ee
g7 ms l\*.ﬁc’ 85§ itu eve ce'2-8 Smdby' t Sun-dSp t
q)o lnvc, ®g =] n T du to 1. e 9% in he ln..an
g2 48 S I S Fo re 8 he eas %o ft wi ific
i 985 €532 ‘ ther momgtm“dlldth"tthes1gn - e
a—ob % N - R g S - g Q fur d fI'O Cket tance d an d Wi t tha lng 1 July gles
= N S € a €d, S C 2 ngl
ad =) Z N g S 2L =] pe br flec T imite te du int a t
° ) NS S omo s t, e the lim nt ro on lin lin
Sz R RN S Q‘Q"O en er in e de p a -g dg
53 = SR 123 8 ev th % i th n r d n e an
) 9 > — = ) S o~ [\l Y% € fO u su 0¥ th
S =2 = ~ ~ Nl S = o — ea, 07 €S, . dep ld m : g se r
) £ N S o= < ar as n ho Be n b te he
2z £3 985 8953 en, ec n s r hav Il o ea dt
= s o =) w = o N =] Te 180l a hre Fo a gr e .
55 52 K =S =9 < g SO ides t S. ras, ch te oc
S u 82 23 32329 S In vi he ion e ively, u en at
o o 572 ©2 SRS S oK 10 t ibuti cam t1v m e th ch
7 g DAY I3e) C en av d t
EE g Nﬂoo C“"’N mp low trib Aa spe be dh a pa
S g >< ONo oo(\o]om te be on d re d ul °. H X3 era
= S e I8 S = ol s c an ° ee 0 2°. 3 m
S g >4 N b 2 a ap n, 35°, Sp w 4 a ca S
Z 3 P e RE 29 e [ w itec A d ind m f r t ra
53 o5 g n tte o e ha €
o= A a3 n QAL N hi Af, an w a le ov t m
) omv ao — w R ° he int p ng ility for ca
25 O"’ﬂ- ot - I ]7’dt 11n.ta ili r d
°3 ISES: e L — M o a g n iab icshe te
== N o =g « = 5°, H e -oli i 1g ina
g % E [Sa} - E : NN - g 5 :; Of 2ble 1) S*l, t;l Suniiel V?imes lIlltamln AO’T,
3 S =g P AR = a m t - 3 o .
g g . X E z <~ Sew 2 S ~ o (rll)‘Out 7era’ E;Xel‘t(,)[ liastglint-cas not s from 1
= = e o N — - it w 10)7) ica
SE ERITE CEa8s 25857 Bt o the been an-su‘ﬁich it lculatio n opticl
2} - < LAl <t SN €d, (& (@] e
28 35 4% °°‘~° % urr hav €n ), W ['ca lumdn e
§E| 5 3 a7 2589 %% ol th 01b leve ies I co i
S5 5% 1o FECAAS ge=a A 20 e tota i ot
o w & SRR — 3 ol n t al. idenc erta in bed con ro
4 g s 2 Nt\m"’ cxgoo tha ne fi nc ies al the are tes
< g s o 32 -3 =% ah conj. du int ing SO squ ima
i m — <+ N — Iz (K al 124 rta €r1 t, he st1 ch
ME \o%wm °°"7‘—<m rm dw ce att den iSt.tye. ea.
2l XL <~ — QI X IS Fo an un ¢ en nt in in n
Z g B X ~ o < d. A, the. le indep me rta inty ed
=g ZleE 5863 g SS. e ing in re ce mn ort al
5% = 59 b= $g N um S re asu e un r'[a. ep tot
= £ ~ RRE SR ass icle da me re nce ist e
2\ ) (A R oS We art spee ated he th al u lint, verag -
29 23 NP 285593 S Q pth, pind imul sof t ot Sun g the @ e
~ g R [ IS\ l o < e A% S e m . d k. a
2 8 £ C\]Erroo,ﬁ O\Qo'_' d ce ch ar imu t in n C (S to
23 a al u m a 0 m
39 a m(‘\!o A ve um he 1 vi Ta. 1 sa e
2 5 = R vg‘“o Soy le es T al of na. de th
52 3 g =% S ﬁcog th 2). T k fi tu f
o= S Qg =5 f fo C he ni o
%5 L. — N (¢ le d blo int gnil S
2 o S 9 l\°°o o%%“‘a% ab and, a m ma tion
E% S & OO Ngo(\] SIS = (T b dat iven el ica
‘= o m — [} o) ISES a3 L < ISR h . 1V -lev indi
s == Qs 2. = ka) rt sg e n
= [N S Q < A d9 M u 1 Cl e
5 N = o q fo . iden by
§ ~ g § § § % S == ; = - the ertaln;gnﬁ(};hey a
= Q —_ S 9 «Q C
N g5 = 8 g n se .
HE e s
g "|agaE gazgg ment
Q 2 =4 > =
E gggstg
<« Z iz ST B &
o < S Rl i S E =8
o= <
& = k= é s g nn
3 g
2 %% i
= ooy
. Q m
N /M
3]
—
m
<
H




1042

which the comparison models for these specially se-
lected events are constrained by observations. Since we
are interested in the best-constrained cases for this
study, we eliminated events having confidence levels
poorer than 4%, except in the near-infrared band,
where we set the cutoff at 6%. In most cases, the maxi-
mum total uncertainty is below 3% in all bands except
the near-infrared. Average cumulative model uncer-
tainty due to AOT variability, wind speed variability,
and SSA uncertainty is typically ~1%, 1%-2%, 1.5%—
3%, and 2.5%-4% in the blue, green, red, and near-
infrared channels, respectively, for the events chosen.

e. Aerosol size distribution, spectral assumption,
and numerical algorithm sensitivity

We have no formal variability ranges over which to
assess aerosol size distribution confidence levels. But
the AERONET standard product reports size distribu-
tions as bimodal, volume-weighted lognormal distribu-
tions fitted to the retrieved 22-bin size spectrum, so we
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arbitrarily perturb the effective radius and distribution
width for each mode by =10%. We also perturb the
ratio of medium- to coarse-mode amount by +10% and
renormalize the distribution in each case (Fig. 5). Per-
cent variation increases with wavelength as the stabiliz-
ing influence of Rayleigh scattering is reduced, and is
not more than 1% in the MISR blue band, 2% in the
green, or 3.5% in the red. The near-infrared channel
has very low signal for low-light-level events, which
contributes to higher percent sensitivity. Percent varia-
tion generally increases away from nadir (the An cam-
era in Fig. 5), as the aerosol component of the TOA
reflectance increases, and is asymmetric about the nadir
view because of scattering angle differences (Table 3).
We exclude size distribution sensitivity from the formal
confidence-level calculations because we have no
event-specific measure of variability, as we do for AOT
and wind speed, and since the actual size distribution
uncertainty is probably lower than that for SSA, rela-
tive to their nominal values, as discussed in section 2b.

We assessed the consequences of using particle prop-

.m
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F1G. 5. Particle size distribution sensitivity study. Percent change in TOA reflectance is shown for all 36 MISR channels, produced
by +10% perturbation from nominal AERONET values, in each of (a) medium-mode effective radius, (b) medium-mode distribution
width, and (c) ratio of medium-to-large modes, for three patches from the Lanai event on 10 Feb 2002. Smaller changes are produced
by these perturbations for lower-AOT events, such as Midway on 9 Feb 2001. Open symbols are for positive perturbations, solid
symbols for negative ones. In each case, perturbed particle properties were generated using a Mie scattering code.



APRIL 2005

erties evaluated only at the MISR band effective wave-
lengths. Using a Simpson’s Rule integration over the
spectral band, we found the differences to be negligible
relative to other uncertainties in these calculations. We
also tested the MISR-RT itself against the Coupled
Ocean—-Atmosphere Radiative Transfer (COART)
model produced by Jin et al. (2002; http://snowdog.larc.
nasa.gov/jin/rtset.html). To avoid introducing reflec-
tance discrepancies of a percent or larger, view angles
must be specified to better than 0.5° in each calculation,
especially for the steeply viewing C and D cameras.
Fortunately, MISR pointing accuracy is better than
0.006° for all cameras (Jovanovic et al. 2002). Also, the
MISR-RT code includes a view-angle-dependent polar-
ization correction for the gas component, derived from
vector calculations, that amounts to as much as 4% in
the blue band, less in the other bands. This term was
eliminated from the MISR-RT results for the purpose
of comparison with COART, since it is not included in
the COART code but is retained for all other calcula-
tions in this paper.

Differences between the COART and MISR-RT
models in each MISR channel, for atmospheric gas
(Rayleigh) scattering only, and gas plus aerosol, are
shown in Fig. 6. Since the reflectance magnitudes de-
crease with wavelength, the percent differences for
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both gas alone and gas plus aerosol increase with wave-
length. Differences between the MISR-RT and
COART atmospheric terms amount to about 0.7% or
less in the blue, about 2% for the red band, 2.5% for the
green, and 3% for the near-infrared. These differences
are traced to variations in the assumed vertical distri-
bution of gas relative to aerosol in the two models, and
for the green band, to gaseous absorption included in
COART but not in MISR-RT. A large change in scat-
tering angle between the Da and the other aft-viewing
cameras (Table 3) seems to account for the decreased
Da camera residuals.

The analysis presented in this section highlights the
sensitivity of the multiangle technique to environmen-
tal factors, as well as the need for precision in many
aspects of comparison model calculations. Estimated
uncertainties are smallest for the shorter wavelengths,
in part because of the stabilizing effect of well-
constrained gas scattering and in part because of higher
absolute reflectances. However, uncertainties in ocean
surface reflectance contribute most to the blue and
green channels, especially in the nadir and near-nadir
views. For well-constrained events, we expect model
reflectance relative accuracy to be 4% or better in all
but the near-infrared channel. To develop confidence
in low-light-level vicarious calibration results to a few

MISR-COART Comparison Without Polarization Correction

4
3
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Fi1G. 6. Comparisons between the MISR-RT and COART radiative transfer code reflectances for the 9 Feb 2001
Midway event, giving atmospheric gas only and gas + aerosol results. The quantity plotted is (MISR-RT —
COADS) / MISR-RT X 100. The polarization adjustment in the MISR-RT code has been removed for the
purposes of this comparison. Note that the magnitudes of percent differences are affected by lower absolute

reflectances at longer wavelengths (Fig. 2).
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TABLE 3. Scattering angles for each MISR camera, Lanai, and Midway cases, where An = nadir; Af, Aa=26.1° fore and aft; Bf,
Ba = 45.6° fore and aft; Cf, Ca = 60.0° fore and aft; and Df, Da = 70.5° fore and aft.

Patch Df Cf Bf Af An Aa Ba Ca Da

Lanai 02-10-02

tlne 83.0 92.3 105.4 122.8 144.0 156.3 150.9 141.0 132.6

tls 83.3 92.7 105.9 1234 144.9 157.6 151.8 141.5 133.0

tlse 83.3 92.7 105.9 123.4 144.9 157.6 151.8 141.5 133.0

tlsw 83.6 93.1 106.4 124.0 145.8 158.8 152.7 142.1 1334
Midway_02-09-01

tln 76.1 85.7 99.3 117.3 140.4 158.9 159.0 149.7 141.2

tlne 76.1 85.7 99.3 117.3 140.4 158.9 159.0 149.7 141.2

tlse 75.9 85.5 98.9 116.9 139.8 157.8 157.8 148.9 140.6

tlsw 76.7 86.5 100.2 1184 141.7 160.9 160.7 150.7 141.8

percent, we must rely on patterns in band-to-band,
camera-to-camera, and absolute reflectance differences
that recur among several of the best cases.

4. Equivalent reflectance comparisons

We obtain estimated TOA reflectance residuals for
each patch, in all 36 MISR channels, by comparing the
observed reflectance with that calculated from the
model, constrained by AERONET and other inputs:

MISR residuals are shown in Fig. 7, for 44 patches,
covering 14 events at five island sites, expressed as the
percent of py;sr for each case. Points are color coded
by site. There is considerable scatter in the data, but the
residuals are almost all positive, and the camera-to-
camera pattern is very similar, though displaced verti-
cally, depending on the site. For example, the Bermuda
and San Nicholas events fall at the high end of the
distribution. No measurements of spectral water-
leaving reflectance were available for these sites, but

the assumed values of A, may account for some of

Presia( s A Ag) = paiisr (D) = Proaal(Ms A3 Ag).  (3)  these differences. As shown in Fig. 8, an A, value be-

MISR - Model Green Band Equivalent Reflectance
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FiG. 7. MISR-model green-band residuals for 44 patches, covering 14 events at five island sites, expressed as a percent of pysr for
each case, arranged by MISR camera. Sun-glint-contaminated views have been omitted. All events for a given site are assigned the same
color, and all patches for a given event have the same symbol. The average of all points for each camera is indicated as a large purple
dot. No values appear for the Af camera because this view is sun-glint contaminated in all available cases; there are fewer points for
the Bf and An cameras for the same reason.
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FiG. 8. MISR reflectances for the Bermuda event on 21 Jul 2002 with model results for varying water-leaving reflectance (A,)
superposed. All cameras not in sun glint for this event are included. The four plots show the MISR (a) blue, (b) green, (c) red, and (d)
near-infrared spectral bands. Note that the vertical scale varies from plot to plot.

tween the nominal 0.0007 and 0.001 in the near-infrared
channel, and one between the nominal 0.002 and 0.008
in the red, produces model reflectances that bracket the
MISR observations for the Bermuda event on 21 July
2002. Particularly in the steeply viewing Df and Da
cameras, larger discrepancies appear for the blue chan-
nel, where reflectance agreement is reached when A, is
between 0.04 and 0.08, and the green, where values
between 0.006 and 0.01 are needed. The atmospheric
model is the likely cause; this is the highest AOT event
in the dataset (Table 1), so sensitivity to aerosol optical
properties is greater than for all other cases (Table 2).
These observations indicate limitations in our ability to
constrain the model calculation with available data and
stress the importance of using the best-constrained
events to quantify the vicarious calibration scale.

Midway and Lanai offer the cleanest island cases in
Fig. 7. Midway on 9 February 2001 and Lanai on 10
February 2002 also have the advantage of being glint
free in the nadir view (Table 1), so we can in addition
compare reflectances with those obtained simulta-
neously by MODIS. Also, for the Lanai event, we have
direct measurements of A, from MOBY.

a. Band-to-band and absolute calibration tests:
Nadir views

We compare in Fig. 9 equivalent reflectances from
the MISR nadir view, the AERONET-constrained
model, and eight spectrally nearby MODIS channels
(four channels optimized for land observation and four
aimed at ocean observation; see Table 4), for the two
best island events. The value of A, is uncertain in the
model. The values used for the Midway calculation
plotted in Fig. 9 are 0.026, 0.004, 0.0005, and 0.0001, and
for Lanai are 0.035, 0.007, 0.0005, and 0.0 in the blue,
green red, and near-infrared bands, respectively (see
section 4b). For Midway, when A, is instead set to the
nominal ocean values, 0.03, 0.007, 0.001, and 0.0007, the
model TOA reflectances increase by about 0.001 in the
blue, and less in the other bands. For Lanai, model
results decrease by about 0.004 in the blue, and by less
than 0.001 in the other bands, when A, is instead set to
the lower ocean spectral water-leaving reflectance mea-
sured near-coincident with the MISR overpass by
MOBY at Lanai (section 3).

MODIS equivalent reflectances are calculated from
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Fi1G. 9. (a) Absolute and (b) percent reflectance differences, for the nadir-view, MISR L1B2,
version F03_0022 product, four MODIS land channels, and four MODIS ocean channels,
relative to the AERONET-constrained reference model. For the AERONET-constrained
model, the A, values used for the Midway calculation are 0.026, 0.004, 0.0005, and 0.0001, and
for Lanali, they are 0.035, 0.007, 0.0005, and 0.0 in the blue, green red, and near-infrared bands,
respectively. Results are shown for two patches from Lanai on 10 Feb 2002 and two patches

from Midway on 9 Feb 2001.

the MODIS-02_1KM, collection 4 standard product, ac-
cording to

pyobis(M) = Lyopis(A) X T‘-DZ/EO()\)a 4)

where Ly;opis 1 the radiance value, D is the Earth-Sun
distance in AU at the time of observation, and E|, is the
band-weighted solar irradiance at TOA, for average
Earth-Sun separation (D = 1), as reported in the
MODIS product and given in Table 4. For reflectance
factors in the solar bands of this product, the reported
uncertainty is *2% (Guenther et al. 1998). MODIS
patches were collocated, to better than half a pixel, with
MISR patches that meet the multiangle uniformity cri-
terion given in section 2a. MODIS radiances were also
adjusted for ozone absorption in the column, taking the

same approach as for MISR observations, but using the
MODIS spectral channels.

Making precise comparisons between MISR and
MODIS requires an assumption to interpolate or oth-
erwise account for wavelength differences among the
spectral bands. For Fig. 9, we began by fitting a cubic
spline to the AERONET-constrained model values cal-
culated at the four MISR effective wavelengths and
used that as a spectral reflectance reference curve. We
then integrated the reflectance reference curve over the
MISR total bandpasses for each MISR band, and also
for the in-band approximations to the bandpasses.
These we designate the MISR total and in-band
“model” values. Similarly, we integrated the reflectance
reference curve over the MODIS land channel 3, 4, 1,
and 2 bandpasses (shown in brown) and the MODIS
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TABLE 4. MODIS spectral bands used.
Effective Effective E} Spatial

wavelength (nm) bandwidth (nm) (Wm™2 um™) resolution (km) Band type
MODIS-3 465.7 21 2089 0.5 Land
MODIS-4 553.7 21 1867.3 0.5 Land
MODIS-1 645.8 50 1606.8 0.25 Land
MODIS-2 865.1 45 993 0.25 Land
MODIS-9 4422 11.4 1904.3 1 Ocean
MODIS-12 546.9 11.8 1893 1 Ocean
MODIS-14 676.9 13.8 1508.3 1 Ocean
MODIS-16 866.3 19 973.2 1 Ocean

* The E, values were obtained from the MODIS product, to assure consistent use of the MODIS calibration solar model.

ocean channel 9, 12, 14, and 16 bandpasses (shown in
blue). These are the MODIS “model” values.

The reflectance differences between the MISR and
MODIS measurements and their respective model val-
ues are plotted in Fig. 9a at the effective wavelength of
each band, and as percent differences in Fig. 9b, for two
patches from the 10 February 2002 Lanai event and two
patches from the 9 February 2001 Midway event.

The scatter of points among the four patches gives an
indication of the aggregated uncertainties in these com-
parisons; they represent the best-constrained results we
can hope to obtain from this vicarious calibration ef-
fort. The MISR nadir values for all four bands straddle
the zero line, scattering roughly =5% for the blue band,
+4% in the green, =2.5% in the red, and + 10%/—2%
for the near-infrared, though the absolute differences
for this band are comparable to those for the red (Fig.
9a). The MODIS ocean bands overlap the MISR bands
in all cases and are skewed about 4% below the MISR
values in the blue, green, and near-infrared wave-
lengths.

The MODIS land reflectances overlap the MISR na-
dir and MODIS ocean values in the blue, green, and
near-infrared as well, falling between the MISR and
MODIS ocean results in the green and near-infrared
cases. But in the red spectral region, the MODIS land
(band 1) reflectances are systematically lower than cor-
responding MISR and MODIS ocean values.

b. Camera-to-camera comparisons

We now examine for each spectral band reflectance
differences between the AERONET-constrained
model and each of the nine MISR views, which we call
camera-to-camera differences. There is no coincident
MODIS data to compare with the off-nadir MISR cam-
eras, so we must rely entirely on the AERONET-
constrained model; A, uncertainty remains an issue,
preferentially affecting the blue and near-infrared
wavelength bands and the nadir and near-nadir cam-
eras, even if the water-leaving reflectance is Lamber-
tian over all the geometries of interest. In the compari-
son overview given by Fig. 7, we adopted nominal clean
ocean values for A,. We recognized that although the
band-specific camera-to-camera patterns were similar

for most cases, differences in A, could account at least
in part for the way plots for some sites are systemati-
cally displaced relative to others along the vertical axis.
Since the four aft-viewing cameras have nearly the
same percent discrepancy with the model in most cases,
we can select event-specific A, values for each band
that come as close as possible to making the discrepan-
cies equal. In doing this, we are in effect exploring the
hypothesis that there is no systematic camera-to-
camera calibration discrepancy among these cameras.
For the best Midway and Lanai cases, the required A,
adjustments are small compared to the estimated un-
certainties, except in the near-infrared band; the results
are shown in Fig. 10.

In the blue, green, and red bands, the patches for
each event are clustered to =2% or better, and the
camera-to-camera pattern, though displaced, is nearly
the same for the two events. The nadir-viewing (An)
camera is unique, registering a discrepancy with the
model between 4% and 8% smaller than the aft-
viewing cameras in Fig. 10. Discrepancies for the two
forward-viewing cameras not in sun glint (Df and Cf)
come very close to the An camera in the blue and green
bands, whereas for the red band, the discrepancy is
comparable to that for the aft-viewing camera group.
These patterns are also reflected in the more scattered,
generally lower quality events aggregated in Fig. 7. For
the largest AOT cases studied here, small aerosol-
model errors can affect the vicarious calibration results
in the highly sensitive, steeply viewing cameras (e.g.,
Fig. 8).

The camera-to-camera difference pattern arising in
Fig. 10 bears some relationship to the MISR radiomet-
ric calibration process (Bruegge et al. 1996; Bruegge et
al. 2004), since different components of the onboard
calibration system are used for the nadir-, fore-, and
aft-viewing camera groups. The absolute calibration
scale is set by comparing TOA radiance, calculated
based on field vicarious surface and atmospheric mea-
surements (Abdou et al. 2002), with the response of a
very stable, onboard, high-quantum-efficiency blue di-
ode simultaneously viewing the scene. The band-to-
band scale is established when the blue standard diode,
and secondary diodes covering the other spectral chan-
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form Midway on 9 Feb 2001. The four plots show the MISR (a) blue, (b) green, (c) red, and (d) near-infrared spectral bands.

nels, observe deployable, sun-lit, Spectralon diffuser
panels together. Diode field-of-view and solar spectrum
differences are taken into account, and the panels
themselves are assumed white. The individual cameras
and secondary diodes then view the sun-lit panels si-
multaneously to complete the camera-to-camera on-
board calibration. Since the cameras do not all view the
panels at the same angle as the calibration diodes, panel
bidirectional reflectance functions are used. These were
measured prelaunch and are checked periodically by
another onboard diode package mounted on a goniom-
eter.

There are two onboard Spectralon panels: the for-
ward-viewing camera group, along with the red and
near-infrared bands of the nadir camera, is calibrated
by observing the “south” panel, whereas the aft-
viewing camera group and the nadir blue and green
bands view the north panel. There are three sets of
secondary diodes involved: one for each of the fore-
and aft-viewing camera groups, and one for the nadir.

Given the repeatability of the pattern, the uncer-
tainty in A,, and the observed scatter from event to

event, we conclude from Fig. 10 that at low light levels,
the aft-viewing cameras may be reporting too high a
reflectance in the blue, green, and possibly the red,
relative to the AERONET-constrained model. Better
agreement is found in the nadir- and the forward-
viewing cameras, especially in the blue and green. Cam-
era-to-camera observations for the near-infrared are in-
conclusive.

Corroborating evidence to test these results would be
helpful. Fortunately, we obtained such data during the
CLAMS campaign.

c¢. MISR and AirMISR observations at CLAMS

The CLAMS campaign aimed at acquiring validation
data for the MISR, MODIS, and Clouds and the
Earth’s Radiant Energy System (CERES) instruments
aboard the EOS Terra satellite (Smith et al. 2005). The
two MISR golden days of the campaign were 17 July
and 2 August 2001. On these occasions, coincident data
were taken over dark water near the Chesapeake Light-
house by MISR and a Convair CV-580 aircraft heavily
instrumented to measure atmospheric and surface
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properties, including aerosol optical depth, aerosol
chemistry, and ocean-surface reflectance. An AERO-
NET sun photometer, micropulse lidar, and meteoro-
logical instruments operated on the lighthouse as well.
And at the same time, AirMISR, an aircraft instrument
having a single MISR camera that flies on an ER-2
aircraft at 20 km and pivots to obtain nine-angle obser-
vations similar to those from MISR (Diner et al.
1998b), observed a 9 km X 11 km patch within the
MISR field of view, which included the lighthouse itself
(see Fig. 4 of Smith et al. 2005). Unlike MISR,
AirMISR is periodically calibrated in the laboratory
(Chrien et al. 2001).

Figure 11 shows the MISR and AirMISR green-band
reflectances for two 3 km X 3 km patches, one each on
17 July (Figs. 11a and 11b, for MISR and AirMISR,
respectively) and 2 August (Figs. 11c and 11d). Both

CLAMS 17Jul2001
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patches are within a few hundred meters of the light-
house, in cloud-free regions that meet the patch vari-
ability criterion given in section 2a. Also plotted in Fig.
11 are MISR_RT model reflectances, constrained by
AERONET AQOT and aerosol size distribution taken at
the lighthouse, aerosol SSA set to 0.97 = 0.03 at all
wavelengths of interest, and A, obtained from the
Cloud Absorption Radiometer (CAR) instrument
aboard the CV-580 (Gatebe et al. 2005). Within the
AERONET-observed AOT variability, model inputs
were selected to minimize AirMISR-AERONET dif-
ferences; measured green-band AOT was 0.400 * 0.027
and 0.0975 = 0.009 within =1 h of the MISR overpass
on 17 July and 2 August, respectively.

As with Fig. 10, the MISR aft-viewing cameras show
higher reflectances, relative to the model, than the for-
ward-viewing cameras in Fig. 11. The green-band fore—
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Fic. 11. MISR and AirMISR green-band reflectances, taken near the Chesapeake Lighthouse during the CLAMS campaign.
MISR-RT model reflectances for (a), (b) 17 Jul and (c), (d) 2 Aug 2001, constrained by AERONET and field data, are also plotted for
comparison. In this figure, the camera axes are labeled with the view zenith angle (0 for the nadir view; forward views have negative
angles); for the MISR observations, glint-contaminated views are eliminated, whereas for AirMISR, the MISR-RT standard glint model
is used, with a wind speed of 4.6 m s~ on 17 Jul and 3.9 m s~ ' on 2 Aug. AERONET-measured optical depth (AOD) and water-leaving
reflectance (WLER) from the CAR instrument used in the model calculations are shown as text.
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aft differences are near 3% and 5% for 17 July and 2
August, respectively, amounting to about 0.003 in re-
flectance units. Since AirMISR is a single pivoting cam-
era, we would not expect calibration differences that
depend on view angle. None are found, which lends
confidence to the model and strengthens our conclu-
sions about camera-to-camera behavior.

The MISR data are also higher than the model by a
few percent in the forward-viewing cameras on both
days. The discrepancy here is greater on 2 August,
when the column AOT was lower, and surface contri-
butions may be more important. One possibility is that
light from bright clouds and land in the larger MISR
field-of-view produce a small amount of scattered light
in the camera system. A contribution of only 1.3% of
the line-average reflectance would account for the dis-
crepancy observed over the dark water; an adaptive
correction is under study by the MISR team.

5. Conclusions

To take advantage of MISR’s multiangle AOT sen-
sitivity for low-reflectance oceanic scenes, we have
pushed the limits of the vicarious calibration technique.
AOT is usually well below 0.3 at midvisible wave-
lengths in the MISR record over ocean; typical situa-
tions produce TOA equivalent reflectances from
around 0.10 in the blue to 0.02 and less in the near-
infrared.

We identified high-quality, coincident MISR and
AERONET observations of isolated island sites and
compared reflectances derived from the standard
MISR radiance product over dark water with modeled
values constrained by AERONET and local meteoro-
logical data. For the nadir views, we also compared
these with precisely collocated, simultaneous MODIS
reflectances, and we tested the observed patterns with
multiplatform coincident data taken during the
CLAMS field campaign.

The nominal 5% MISR low-light-level calibration ac-
curacy (Bruegge et al. 2004) falls within the formal un-
certainties of this work, but consistency among many
events, involving different sites, AERONET sun pho-
tometers, and environmental conditions, and spanning
the MISR mission, builds confidence in the absolute,
band-to-band, and camera-to-camera calibration pat-
terns that emerge. Conclusions are strongest in the red
and green bands. The blue band is affected by uncer-
tainty in water-leaving reflectance (A,). For the near-
infrared band, the results of this study are inconclusive
because of low absolute reflectance and extreme sensi-
tivity to any errors in surface and aerosol properties.

For the best-constrained events, MODIS ocean-band
reflectances are skewed about 4% below the MISR val-
ues in the blue, green, and near-infrared spectral re-
gions. Bruegge et al. (2004) found that MISR and
MODIS absolute calibration differed by 3% in the
same sense at higher reflectance levels (~0.3) and

JOURNAL OF THE ATMOSPHERIC SCIENCES—SPECIAL SECTION

VOLUME 62

traced the discrepancy to the MISR team’s selection of
field vicarious calibration versus the MODIS team’s
choice of their onboard calibrator as absolute radiomet-
ric calibration standards.

The MODIS land-band reflectances overlap the
MISR nadir and MODIS ocean values in the blue,
green, and near-infrared as well, falling between the
MISR and MODIS ocean results in the green and near-
infrared cases. But in the red spectral region, the
MODIS band 1 reflectances are systematically lower
than the corresponding MISR and MODIS ocean-band
values.

At low light levels, camera-to-camera comparisons
with the AERONET-constrained model exhibit a per-
sistent pattern: the MISR aft-viewing cameras report
reflectances too high by several percent in the blue,
green, and possibly the red, relative to the model. Bet-
ter agreement is found in the nadir- and the forward-
viewing cameras, especially in the blue and green.

Figure 12 shows the cumulative effect on retrieved
AOT of correcting for the camera-to-camera effects in-
dicated in section 4, plus a MISR spectral calibration
adjustment (Bruegge et al. 2004), made in part based on
an early version of Fig. 9. The spectral correction re-
duces the red-band reflectance by 3% and the near-
infrared by 1%, in all cameras, and leaves the other
bands unchanged. It is applied to version 22 and higher
of the MISR level 1B2 radiance product, which includes
all MISR data shown in this paper except the “uncor-
rected” data in Fig. 12. (One consequence of making
this correction is the unbiased scatter of MISR reflec-
tances appearing in Fig. 9.) The camera-to-camera ad-
justment made amounts to a reduction of 1%-2% in
the aft-viewing cameras, about 1% in the Bf camera,
and an increase of order 0.5% in the Df and Cf, leaving
the Af and An cameras unchanged. These calibration
adjustments decrease the MISR-retrieved green-band
AQT by about 0.02, on average, for the 910 dark water
cases plotted in Fig. 12, reducing by about 40% the
average AOT discrepancy relative to sun-photometer
values for dark water sites (Redemann et al. 2005; Kahn
et al. 2004). The adjustments applied here do not in-
clude any absolute or stray-light corrections, which are
still under study and would reduce the differences fur-
ther.

The MISR team is pursuing additional calibration
exercises, aimed at independently testing sensor re-
sponse over the full range of light levels, including 1)
vicarious calibration from MISR lunar images, 2) fore—
aft camera reflectance comparisons for observations
having symmetric scattering geometries, 3) postlaunch,
high-precision laboratory characterization of a proto-
type MISR camera, and 4) MISR-CERES statistical
albedo comparisons over the full range of light levels.
Refinement of the MISR calibration based on a syn-
thesis of these studies, along with the results of the
present work, amount to adjustments of no more than
a few percent. It will be reported in a subsequent paper,
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and any changes will be implemented in reprocessed
MISR level 1B2 radiance and MISR level 2AS aerosol-
surface products.

For future spacecraft instruments designed to re-
trieve aerosol properties over dark water, we conclude
that calibration should be given special attention, par-
ticularly at low light levels, using complementary pre-
flight and onboard calibration schemes, along with vi-
carious comparisons, to reduce the uncertainties even
further.

Factors in addition to calibration affect the quality of
aerosol retrievals over dark water, such as the range of
aerosol-model microphysical properties assumed in the
retrieval algorithm, treatment of the ocean-surface
boundary condition, and scene variability over the in-
strument sampling region (e.g., Kahn et al. 2004). These
are the subjects of continuing study by the MISR Team.
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